Abstract A regional climate modelling system, the Providing REgional Climates for Impacts Studies developed by the Hadley Centre for Climate Prediction and Research, has been used to study future climate change scenarios over Indus basin for the impact assessment. In this paper we have examined the three Quantifying Uncertainty in Model Predictions simulations selected from 17-member perturbed physics ensemble generated using Hadley Centre Coupled Module. The climate projections based on IPCC SRES A1B scenario are analysed over three time slices, near future , middle of the twenty first century , and distant future . The baseline simulation was evaluated with observed data for seasonal and spatial patterns and biases. The model was able to resolve features on finer spatial scales and depict seasonal variations reasonably well, although there were quantitative biases. The model simulations suggest a nonuniform change in precipitation overall, with an increase in precipitation over the upper Indus basin and decrease over the lower Indus basin, and little change in the border area between the upper and lower Indus basins. A decrease in winter precipitation is projected, particularly over the southern part of the basin. Projections indicate greater warming in the upper than the lower Indus, and greater warming in winter than in the other seasons. The simulations suggest an overall increase in the number of rainy days over the basin, but a decrease in the number of rainy days accompanied by an increase in rainfall intensity in the border area between the upper and lower basins, where the rainfall amount is highest.
Introduction
The climate of South Asia is generally dominated by the monsoon. The summer monsoon is the dominant source of moisture over the major part of the region but the percentage of monsoon precipitation in the annual precipitation varies markedly from east to west. In the eastern part of the region the monsoon contributes more than 80 % of the annual precipitation, while in the western part, in northern Pakistan and Afghanistan, the monsoon contributes less than 30 % (Singh et al. 2011) . The western part of the region is more influenced by the westerly disturbances, which deliver more than 70 % of the annual precipitation.
As a result of the differences in precipitation climatology, the hydrological regime of the region is also quite different from east to west. Recent studies have shown that the eastern river basins such as the Ganges, and to a certain extent the Brahmaputra, are heavily influenced by the monsoon. In contrast, the western river basins, such as the Indus and Amu Darya, rely heavily on flows derived from the melting of snow and glaciers (Eriksson et al. 2009; Immerzeel et al. 2010) . It has been suggested that the impact of climate change on the flow regime will also be different in the different basins.
Climate change scenarios are typically developed over a sub-continental or national domain (Rupa Kumar et al. 2006; Kumar et al. 2011) . These scenarios are of little use for impact studies, particularly those related to water resources and resulting socioeconomic impacts. Scenarios developed over basin domains have greater relevance for such studies.
The 1.1 million km 2 area of the Indus river basin is shared by four countries: Afghanistan, China, India, and Pakistan, with the largest part in Pakistan (52 %) and India (33 %). The main river originates at Lake Ngangla Rinco on the Tibetan Plateau in the People's Republic of China and is joined by the flow of the tributaries Ravi, Beas, Sutlej, Swat, Chitral, Gilgit, Hunza, Shigar, Shyok, Indus, Shingo, Astor, Jhelum, Chenab, and Kabul, which drain parts of Afghanistan, China, India, and Pakistan (Fig. 1) . The upper Indus basin consists of mountainous terrain, and includes parts of the Hindu Kush, Karakorum, and Himalayan mountain ranges; the lower Indus basin comprises the southern plains. The separation is mainly based on altitude. The Indus basin ranks among the most important river basins in the world in terms of human dependence. The river supports a population of about 215 million people, whose livelihoods directly or indirectly depend on it. The basin has a very high population density with an approximate water availability of 1,329 m 3 per head (UNEP 2008) . The Indus river is the primary source of water for the downstream part of the basin, which contains one of the world's largest irrigation systems. Climate change could have a marked adverse effect on the water resource dependent socioeconomy of the basin, as noted by various authors (Rees and Collins 2006; Immerzeel et al. 2009 Immerzeel et al. , 2010 Briscoe 2010) . Climate scenarios using simulations from high resolution models provide a useful opportunity to assess the impact of future climate change.
This study attempts to examine the projected future change in the climate over the Indus basin using outputs from the Providing REgional Climates for Impact Studies (PRECIS) model driven by data for three different lateral boundary conditions (LBC) from Quantifying Uncertainty in Model Predictions (QUMP) simulations using SRES A1B scenario.
Data and analysis

The PRECIS model
To develop the high resolution climate change scenarios for impact assessment studies, a high resolution regional climate model, PRECIS, developed by the Hadley Centre, UK is run at IITM, Pune, at 50 km 9 50 km horizontal resolution over the South Asian domain. The basic aspects explicitly handled by the model are briefly outlined in Noguer et al. (2002) . The perturbed physics approach was developed in response to the call for better quantification of uncertainties in climate projections (IPCC 2007) . The basic approach involves taking a single model structure and making perturbations to the values of parameters in the model, based on the discussions with scientists involved in Fig. 1 Location map of the Indus river basin the development of different parameterization schemes. In some cases, different variants of physical schemes may also be switched in and out. Any number of experiments that are routinely performed with single model can then be produced in an ''ensemble mode'' subject to constraints on computer time. A significant amount of perturbed physics experimentation has been done with Hadley Centre Coupled Module (HadCM3) and variants, starting with the work of Murphy et al. (2004) and Stainforth et al. (2005) . The parent model HadCM3 shows reasonable skill in reproducing the observed features of South Asian climate (Kripalani et al. 2007; Sabade et al. 2011) . The QUMP simulations, comprise of 17 versions of the fully coupled version of HadCM3, one with the standard parameter setting and 16 versions in which 29 of the atmosphere component parameters are simultaneously perturbed (Collins et al. 2006) . The intercomparison of 17 members of QUMP reveals the strengths and weaknesses of these members in simulating the gross features of global climate in general and the tropical rain belts in particular. The spatial pattern of Indian summer monsoon rainfall i.e. rainfall maxima over west coast and head Bay of Bengal and comparatively dry regions over north west and south east peninsular India are well captured by global runs of Q0, Q1 and Q14. These members also capture the annual cycles of rainfall and surface air temperatures reasonably well. (Kamala 2008) . Based on a preliminary evaluation of these 17 global runs for their ability to simulate the gross features of Indian monsoon, the LBCs of three QUMP simulations viz. Q0, Q1 and Q14 were made available by Hadley Centre, UK to IITM. Domain size and horizontal resolution are key factors for regional climate simulation (Bhaskaran et al. 1996; Vannitsem and Chome 2005; Bhaskaran et al. 2012) . The domain size needs to be sufficiently large to capture regional physical processes (Giorgi and Mearns 1999) to capture the correct climate response but not too large that the climate of the RCM deviates significantly from the GCM . PRECIS has been configured for a domain extending from about 1.5°N-38°N and 56°E-103°E. It has been demonstrated that with this domain, the RCM provides a realistic representation of the intraseasonal variability of the Indian summer monsoon, Table 1 Seasonal and annual rainfall (mm) with standard deviation for baseline Fig. 2 Annual cycles of mean precipitation over the Indus basin for the three QUMP simulations Q0, Q1, and Q14 compared with APHRODITE precipitation data during the baseline period . Error bars depict one standard deviation of monthly mean values over the baseline period Projected changes in climate over the Indus river basin 341 responding to both the global forcing via the LBC and internal dynamics (Bhaskaran et al. 1998) . Here, three simulations from a seventeen-member perturbed physics ensemble (PPE) produced using HadCM3 under the QUMP project of Hadley Centre Met Office, U.K., have been used as LBC for the 138 year simulations of the regional climate model-PRECIS. These three simulations have been validated for their skill in simulating the present climate over India (Patwardhan 2013) . This study has shown that all the three regional QUMP simulations capture the seasonal climatology and annual cycle of rainfall as well as surface air temperature reasonably well over Indian landmass. However, Q1 shows dry bias over west coast as far as the summer monsoon rainfall is concerned. The number of rainy days and the intensity of rainy days are well simulated in the QUMP runs. The intensity of rainfall on a rainy day is more along the Western Ghats and over northeast India and matches well with the observed intensity pattern. The continuous 138-year simulations of the regional climate model provide an opportunity to assess the impact of climate change over the Indus basin for three time slices representing the near (2011-2040, or 2020s), medium (2041-2070, or 2050s) , and distant (2071-2098, or 2080s) future for long implications for policy at these timescales. The selection of the domain size and the three QUMPs are also discussed by Rupa Kumar et al. (2006) and Kumar et al. (2011) respectively. The analysis was based on the outputs of the three simulations-Q0, Q1, and Q14-for rainfall, maximum temperature, and minimum temperature over the Indus basin. Extreme rainfall and temperature, with the number of rainy days and rainfall intensity, was also analysed. The following sections provide a further breakdown of the basin into sub-basins based mainly on altitude, viz., upper Indus and lower Indus, and analyses of the projected simulations. 
Observation data
For the evaluation of climate model outputs it is important to understand key issues and limitations associated with observational datasets used. Station based precipitation is likely to be underestimated in the high mountainous area as majority of the stations are located in the low elevation. Further, gauge under-catch bias is another source of underestimation. The underestimation could be as much as 30 % or even higher (Adam and Lettenmaier 2003) . Since the meteorological stations are located at valleys, observed temperature will have warm bias over the Himalayan region. APHRODITE's Water Resources (Asian Precipitation-Highly-Resolved Observational Daily Integration Towards Evaluation of Water Resources, www.chikyu.ac. jp/precip/) data were taken as the base data for evaluation of the seasonal rainfall simulation by PRECIS (Yatagai et al. 2012) . These high-resolution daily gridded precipitation datasets are presently the only long-term product available in continental-scale. These gridded datasets are based on rain-gauge observations collected from 5,000-12,000 stations and have substantially improved the depiction of the areal distribution and variability of the rainfall over Himalayas. Although the key strength of the product is the high density of network it lacks observation data from India. For the qualitative and quantitative comparison we have used APHRO_V1101 datasets at a resolution of 0.25°and 0.25°latitude and longitude available for the period 1951-2007 for the monsoon Asia domain (60°-150°E, 15°-55°N). For the present analysis, the baseline period was taken from 1961 to 1990. A global gridded data set from the Climatic Research Unit (CRU), University of East Anglia was used to evaluate the seasonal temperature simulation (New et al. 2002) . CRU datasets contains only 73 stations for whole South Asia region and even less in the Himalayan region. There are 25 observation stations covering the Indus basin. High resolution 3 Results and discussion
Evaluation of PRECIS simulation
Precipitation
The regional simulations generated from the three QUMPs using PRECIS were studied in detail to evaluate the skill of the model in representing the regional climatological features, especially the summer monsoon (June-September) and winter (December-February) rainfall characteristics. Seasonal rainfall statistics for the three simulations for three time slices and a baseline are given in Kumar et al. 2006; Kumar et al. 2011; Syed et al. 2013 ). Rupa Kumar et al. (2006) suggested that wet bias may be partly due to the procedures used in determining the spatially averaged observed rainfall quantities. Weakening of the zonal temperature gradient in equatorial Pacific sea surface temperature (SST) in the model leading to increase in monsoon rainfall in response to warming has been attributed to wet bias (Turner and Annamalai 2012) . A climate change study over India showed the Q0 and Q14 simulations to have a wet bias and Q1 a dry bias (Kumar et al. 2011) , whereas other similar studies over India showed a wet bias (Rupa Kumar et al. 2006; Syed et al. 2013) . The PRECIS simulations also overestimated the number of rainy days in a year (a day with area average rainfall C1.0 mm). APHRODITE estimated 106 rainy days annual average for the baseline period 1961-1990, whereas PRECIS estimated 159, 154, and 172 days for the Q0, Q1, and Q14 simulations, respectively. The model has captured the general seasonal accumulation and monthly progression of the annual cycle The spatial distribution of seasonal rainfall estimated by APHRODITE and as simulated by PRECIS for the baseline period ) is shown in Fig. 3 for summer monsoon (June-September). Rainfall distribution over the whole basin was simulated reasonably well by the model for both the winter (December-February) and summer seasons. The baseline simulations appear to provide an adequate representation of the distribution pattern except over the eastern section of the northern parts of the basin. There were also quantitative biases in the simulated rainfall.
Temperature
Baseline maximum and minimum temperatures were compared with CRU data to evaluate the model. The maximum temperatures were used to evaluate the skill for the summer monsoon season (June-September) and the minimum temperatures for the winter season (December-February). Annual cycle of the mean monthly maximum and minimum temperature for CRU and three QUMP simulations is provided in Fig. 4 . Over the Indus basin, the model simulated maximum temperatures were close to observed during the pre-monsoon season, during May and June the model overestimated and from October to February the model underestimates but all values were within one standard deviation. In case of minimum temperature, except during summer monsoon season the model underestimates. Seasonal statistics for the maximum and minimum temperatures for the three simulations for three time slices and the baseline period are given in Table 2 and Table 3 . During the summer season, the model estimated value for maximum temperature over the whole basin of 29.0°C (Q0 simulation) was very close to the observed value of 28.8°C. The mean maximum temperature for the summer monsoon season was highest in the Q14 simulation: 30.5°C with a standard deviation of 0.7°C. The values for Q0 and Q1 were 29.0 and 29.6°C, with standard deviation of 1.0-0.8°C, respectively. However, during the winter season, the model appears to underestimate the minimum temperature with values of -6.2, -5.0, and -4.9°C for Q0, Q1, and Q14 simulations respectively, compared to the CRU estimate of -0.9°C.
The spatial temperature distribution estimated from CRU data and as simulated by PRECIS for the baseline period ) is shown for mean maximum temperature during the summer monsoon season in Fig. 5 . The spatial pattern of mean minimum temperature also Fig. 6 Baseline (1961 -1990 and future projections (2011-2040, 2041-2070 and 2071-2098) of monthly precipitation (bars) and temperature (lines) for the three simulations a Q0, b Q1 and c Q14 captured well by the model simulations, but with a distinct cold bias over the upper Indus. Of the three simulations, Q1 has a relatively cold bias, as previously reported by (Rupa Kumar et al. 2006) over India. The cold bias has also been reported by other studies and has been attributed to the prescribed land-use distribution in Biosphere Atmosphere Transfer Scheme (BATS) (Xue et al. 1996; Suh and Lee 2004; Dimri 2012) .
Projections of future climate
Projected changes in annual cycles, precipitation
The baseline and projected monthly precipitation over Indus is shown in Fig. 6 (bars) . The Q0 projections suggest a gradual increase in precipitation from the 2020s , to the 2050s (2041-2070), and 2080s The Q0 and Q14 projections suggest changes in the intra-annual pattern in precipitation in the upper Indus with a significant overall increase and that there could be an increase in precipitation from November to March. The changes are clear for all three simulations in the upper Indus, but not as clear in the lower Indus (not shown).
Projected changes in annual cycles, temperature
The baseline and projected monthly maximum and minimum temperatures for three simulations are shown in Fig. 6 (lines) . The monthly mean minimum and maximum temperatures show a consistent rise in the 2020s, 2050s, and 2080s in all three simulations over both the upper and lower parts of the Indus basin, but the overall shape of the annual cycle is unchanged. The temperature rise may be greater in the non-monsoon months.
Projected changes in spatial distribution, precipitation
The projected spatial distribution of seasonal rainfall changes over the whole Indus basin in the three future periods as simulated by Q0, Q1, and Q14 is given for the summer monsoon in Fig. 7 . All three simulations suggest generally increasing monsoon precipitation in the 2020s. Q0 simulations suggest a much lower rise over the whole Indus basin in the 2050s and 2080s than in the 2020s. Q1 simulations indicate a decrease in monsoon precipitation in the southern and north-western parts of the basin in the 2050s and 2080s. Q14 simulations suggest little change in seasonal precipitation in the 2050s, but an increase in precipitation in the north eastern part of the basin compared to the baseline in the 2080s. All simulations suggest a decrease in precipitation during the winter season over the southern part of the basin, and an increase over the upper part of the basin, in the 2020s. In the 2050s, Q0 suggests a marked increase in rainfall over most parts of the basin whereas Q1 and Q14 suggest a marked decrease over most parts of the lower Indus.
Overall the projected regional rainfall changes are broadly consistent with the general observation ''the wet gets wetter and the dry become drier'' (IPCC 2007).
Projected changes in spatial distribution, temperature
The spatial distribution of mean maximum summer temperatures is shown in Fig. 8 . The annual values for the maximum and minimum temperatures are given in Tables 2 and 3 respectively. All three scenarios indicate a warming trend during the summer monsoon season, with a small rise in maximum mean temperature (about 1.0-1.5°C) in the 2020s. Q14 suggests the highest warming, with the greatest change in the northernmost part of the basin and significant warming across a large area in the west of the lower Indus. The simulations also suggest an increasing trend in temperature during the winter season (Fig. 9) . Generally the rise in minimum temperature was greater over the upper Indus basin, especially in the northern part, with only a small rise over the central part of the lower Indus basin. The rise in minimum temperature over the whole basin was up to 2°C in the 2020s, 2.5-4°C in the 2050s, and more than 4°C in the 2080s.
The three simulations Q0, Q1, and Q14 gave average rises across the whole basin in the 2080s from the baseline of 4.3, 3.9, and 5.1°C in the annual minimum temperature, and 4.0, 3.4, and 4.6°C in the summer maximum temperature, respectively. In other words, the projected rise in minimum temperature is more than the rise in maximum temperature. This indicates that the Indus basin may experience warmer winters in the future.
Analysis of extreme events
Precipitation
The Indus basin is particularly prone to floods and flash floods. Prediction of changes in extreme precipitation events can provide insights into likely changes in the magnitude and frequency of floods and flash floods, which in turn can help in planning appropriate mitigation measures. In order to study the impact of extreme events, we analysed the frequency of rainy days and the rainfall intensity. Figure 10 shows the number of rainy days for the baseline period 1961-1990 as calculated from gridded daily rainfall data and estimated by Q0, Q1, and Q14 simulations. The spatial pattern of the model results is very similar to the observed pattern but the model results show a higher number of rainy days especially in the north eastern part of the basin. The projected changes in rainy days are shown in Fig. 11 . All three simulations show an increase in the number of rainy days in the 2020s over most parts of the basin, with a decrease in the border area between the upper and lower Indus basins, the area with the highest amount of rainfall. All three simulations show an increase in rainy days over the northeastern part of the upper Indus basin in all three time periods. The Q0 simulation showed an increase in the number of rainy days in the 2050s, followed by a decrease over the central part of the basin in the 2080s. The Q1 and Q14 simulations indicate a decrease in rainy days over most part of the basin in the 2050s and 2080s with a slight increase over the eastern portion of the central Indus area. Figure 12 shows the simulated rainfall intensity (mm/ day) for the baseline period 1961-1990 as calculated from gridded daily rainfall data and estimated by Q0, Q1, and Q14 simulations. The spatial pattern of the model results is very similar to the observed pattern. The projected changes in rainfall intensity are shown in Fig. 13 . Q0 simulation show slight decrease in the intensity towards northwest part of the basin in 2020s and progressively increases towards 2080s. All three simulations indicate increase of rainfall intensity over the northeast part of the border area between lower Indus and upper Indus towards 2080s. 
Temperature
Temperature extremes were investigated by analysing highest maximum (summer daytime) and lowest minimum (winter night time) temperatures. The 1°C bias corrected maximum and minimum temperature datasets generated by the Princeton University Hydroclimatology group (Sheffield et al. 2006 ) available for 1948-2007 were used as observation estimates for extreme temperature events. Figure 14 shows the lowest minimum temperatures as estimated by the Princeton University dataset, Q0, Q1, and Q14 simulations for the baseline period . The spatial patterns of the PRECIS simulations are similar to those of the observed values, but model values are higher for extreme maximum values and lower for extreme minimum values.
All three simulations show an increase in highest maximum temperatures throughout the basin in the 2050s and 2080s. In the 2020s, the Q1 and Q14 simulations show a decrease in extreme temperature events in small pocket areas. The Q0 and Q14 simulations show a rise in maximum temperatures of 4-8°C, and Q1 of 4-6°C, over most parts of the basin in the 2080s. The projected increases in lowest minimum temperature are greater than the projected increases in highest maximum temperature, but the projections do not show any systematic pattern (Fig. 15) . All simulations show a rise of more than 4°C throughout the basin in the 2080s, with an increase of more than 8°C over the border area between the upper and lower Indus basins. Significant warming, particularly in the upper basin could mean enhanced melting of the snow cover and glaciers leading to changes in the hydrological regime of the basin.
Conclusion
The future changes in rainfall and temperature driven by three LBC using A1B scenario as simulated by regional climate model PRECIS is presented. The major conclusions are as follow:
• The regional climate model (PRECIS) showed good skill in capturing the surface climate scenario over the Indus basin both for rainfall and temperatures. There was an overestimation of rainfall for both summer and winter seasons. There was a warm bias in the maximum temperatures in and monsoon season, a slight cold bias in minimum temperatures during the winter and postmonsoon seasons, and a cold bias in winter minimum temperature towards higher altitude areas.
• The projected change in summer monsoon precipitation was non-uniform over the basin. The spatial pattern also differed considerably in the different simulations suggesting uncertainties in the future change. In the winter season, the results indicated an increase in precipitation over the upper Indus basin and decrease over the lower Indus basin. • The Indus basin overall was projected to warm significantly and progressively over all three time periods, with a slightly greater increase in minimum temperatures than in maximum temperatures for all time slices. Warming was projected to be greater in winter than in the other seasons and greater in the upper Indus basin than the lower Indus basin, with a large area to the west of the basin projected to warm significantly. There was greater agreement between simulations for temperature than for precipitation. The projected changes in temperature could have a negative impact on snow cover and glacial mass in the upper Indus basin and on the water resources of the whole basin.
• All three simulations suggested an increase in the number of rainy days over the northern part of the basin and decrease over the southern part. The model projected a decrease in rainy days with an increase in rainfall intensity over the border area between the upper and lower basins, where the rainfall amount is highest, in the 2080s. The border area between the upper and lower Indus is prone to flash floods and a source of large floods, thus the projected changes in extreme events are likely to exacerbate the flood and flash flood hazard in this part of the basin.
• Both the highest maximum and lowest minimum temperatures were projected to increase, with a greater increase in the lowest minimum temperature.
While the scenarios presented here are indicative of an expected range of rainfall and temperature changes, it is important to note that the quantitative estimates and projections contain significant uncertainties. The study was limited by the small number of simulations based on a single regional climate model. Nevertheless the outputs provide useful inputs for various types of impact assessment over the basin for future years. More detailed information can be obtained from the authors.
